Under the fluctuating circumstances provided by the innate dynamics of microtubules and opposing tensions resulted from microtubule-associated motors, it is vital to ensure stable kinetochore-microtubule attachments for accurate segregation. However, a comprehensive understanding of how this regulation is mechanistically achieved remains elusive. Using our newly designed live cell FRET time-lapse imaging, we found that post-metaphase RanGTP is crucial in the maintenance of stable kinetochore-microtubule attachments by regulating Aurora B kinase via the NES-bearing Mst1. More importantly, our study demonstrates that by ensuring stable alignment of metaphase chromosomes prior to segregation, RanGTP is indispensible in governing the genomic integrity and the fidelity of cell cycle progression. Our findings suggest an additional role of RanGTP beyond its known function in mitotic spindle assembly during the prometaphase-metaphase transition.
Introduction
A key feature in mitosis lies in the preservation of genomic integrity from parent to daughter cells. This is especially critical at metaphase when mitotic chromosomes are aligned along the metaphase plate and are held at the kinetochores by spindle microtubules, in preparation for segregation to daughter cells. Therefore, stable end-on kinetochore-microtubule attachments are essential to attain amphitelic attachments and for mitotic progression through the spindle assembly checkpoint (SAC) with equal partitioning of genetic materials [1] . Early studies on kinetochore-microtubule attachments have been concentrated on the conserved KMN network (KNL1-Mis12-Ndc80/Hec1) in establishing the initial kinetochore-microtubule contact [2] . Impaired Hec1 function in particular, through antibody microinjection or siRNA silencing, results in erroneous attachments, impaired chromosome alignment, and subsequent chromosome mis-segregation [3, 4, 5] . However, with increasing interest on the kinetochore-microtubule network, a plethora of kinetochore and centromeric proteins have been unveiled, many of which with functions yet to be fully determined [6, 7] . Since the kinetochore components constitute the immediate contact between chromosomes and microtubules, the precise regulation of the formation and maintenance of kinetochore-microtubule attachment is thus important to preserve the precision and accuracy of chromosome segregation.
The small GTPase Ran regulates several key events to maintain the fidelity of mitotic chromosome segregation and for proper mitotic progression. The functionalities of Ran hinge on its nucleotide state, whereby the GTP-bound form and GDP-bound form are established by the activities of guanine exchange factor RCC1 and RanGAP1/RanBP1 respectively. During mitosis, there is a high RanGTP level surrounding RCC1-associated chromosomes and progressively decreases towards the cell periphery, generating a RanGTP gradient [8, 9] . This RanGTP gradient dictates Ran's functions in mitosis. It has been shown that high level of RanGTP surrounds the mitotic chromosomes and sequesters importin alpha/beta, resulting in the release of the NLS (nuclear localization signal)-containing spindle assembly factors from importin for their functions during the prometaphase-metaphase transition [10, 11, 12] . However, little is known about how RanGTP, NES (nuclear export signal)-bearing proteins and exportin Crm1 regulate mitotic progression. We report here, with the application of our newly designed in vivo FRET imaging, the post-metaphase function of RanGTP in maintaining stable kinetochore-microtubule attachments after proper chromosome congression by regulating Aurora B kinase via the NES-bearing Mst1.
Results

RanGTP is Important for the Maintenance of Proper Chromosome Alignment at the Metaphase Plate
The long speculated existence and functions of the RanGTP gradient during mitosis had since been validated by computational/mathematical models, biosensor visualizations, and the associated in vitro and in vivo studies [13, 14, 15] . Nonetheless, the mechanistic pathways underlying the regulatory roles of RanGTP remains incompletely elucidated throughout mitosis due to the limitations of the various systems used. To solve this, we first set out to establish a system whereby we can manipulate and monitor the mitotic RanGTP levels in real time by time-lapse imaging. The temperature sensitive tsBN2 cells were chosen for this study. Due to mutation in the RCC1 gene, incubation of tsBN2 cells at nonpermissive temperature (39.5uC) leads to depletion of RCC1 protein and RanGTP subsequently [16] . As a measure of the RanGTP level, we utilized the Rango FRET biosensor [8] . To our knowledge, no data depicting the real time depletion of RanGTP level has been reported.
Time-lapse imaging using tsBN2 cells co-transfected with either Rango and H2B-mCherry (Fig. 1B) or Rango and tubulinmCherry ( Fig. 1C) were performed. Since the RanGTP was most obvious and accumulated maximally around metaphase chromosomes, the transfected tsBN2 cells were arrested at metaphase using MG132 for 2 hours, prior to incubation at permissive (33.5uC) or non-permissive temperature (Fig. 1A) . Consistently, the FRET ratio for both the controls (Fig. 1B and 1C , color encoding images) remained evenly high surrounding the metaphase chromosomes, whereas a decline was measured in cells incubated at non-permissive temperature as the time-lapse progressed ( Fig. 1B and 1C , color encoding images). The FRET ratios for cells incubated at both permissive and non-permissive temperature during the time-lapse experiments were plotted as shown in Fig. 1D . This data strongly suggest that the RanGTP level can be manipulated and monitored with our newly designed in vivo FRET imaging method.
Interestingly, we found that metaphase-aligned chromosomes progressively moved away from the metaphase plate for tsBN2 cells incubated at non-permissive temperature (Fig. 1B) . In contrast, control cells (permissive temperature) exhibit normal metaphase chromosome alignment when RanGTP levels were unperturbed (Fig. 1B) . This was unexpected considering that the cells had already achieved stable kinetochore-microtubule attachments for proper chromosome alignment at the metaphase plate prior to incubation at non-permissive temperature. Upon closer inspection, we ruled out the possibility that the change in temperature could compromise mitotic spindle integrity as the cause for this phenotype because the metaphase spindle remains intact following temperature increase (Fig. 1C) .
To ascertain that the changes in FRET ratio observed in cells incubated at non-permissive temperature during the time-lapse was not attributed to degradation of the Rango probe or changes in Ran levels upon temperature increase, we probed for these proteins. Rango and Ran levels remained consistent for both control and temperature-shifted mitotic cell lysates. This showed that the Rango probe remained intact following temperature increase and any decline in FRET ratio is attributed to the decrease in RanGTP level.
We next sought to clarify the contribution of the diminished RanGTP as the instigator behind the observed chromosomal misalignment phenotype. Although Rango is widely used for RanGTP visualization purposes, the overabundance of the importin-b binding (IBB) domain potentially generates an ''importin-b sink'' effect, thereby affecting downstream regulations and functions. Hence, it is necessary to exclude the possibility that the phenotype observed is due to overexpression of Rango.
Therefore, live cell imaging experiments were conducted on tsBN2 cells without Rango transfection. Our results showed that metaphase cells incubated at non-permissive temperature exhibited similar chromosome misalignment, as depicted by the H2B-GFP images of chromosomes displaced from the metaphase plate ( Fig. 2A) . As the time-lapse progressed, more chromosomes escaped from the metaphase plate. Importantly, although gross chromosome misalignment was observed, the metaphase spindle remained intact and unperturbed by the temperature increase ( Fig. 2A, lower panel) . Control cells incubated at permissive temperature continued to display properly aligned chromosomes at the metaphase plate till the end of the time-lapse ( Fig. 2A, upper panel) . As predicted, incubation of cells at non-permissive temperature showed severe decline in RCC1 levels as seen in the immunoblotting analysis of RCC1 in Fig. 2B . Quantification of the proportion of timelapse imaged metaphase cells at the time of start showing misaligned chromosome phenotype indicates that the degradation of RCC1 and the subsequent depletion of RanGTP precede the occurrence of misaligned chromosomes (Fig. 2C) . Importantly, control experiments conducted on the parental BHK21 cell line (with endogenous wild-type RCC1 gene) at non-permissive temperature also showed that temperature increase does not affect the integrity of the mitotic spindle or chromosome alignment at metaphase (Fig. S1 ). Therefore, attributing the observed chromosome misalignment phenotype in tsBN2 cells at non-permissive temperature solely to the loss of RCC1 and RanGTP depletion.
Further immunoblotting analysis was performed on mitotic cell lysates harvested at various time points after incubation at permissive or non-permissive temperature and probed with antibodies as indicated in Fig. S2A . Protein levels of securin, SMC1 and cdc2 (Thr161) did not show any decline, and chromosomes spread showed intact sister chromatids, indicating that the sister chromatids are attached and that the cells were arrested at metaphase with the anaphase-promoting complex (APC) still inhibited ( Fig. S2A-D) . Most importantly, Ran regulators, RanGAP1, SUMO-modified RanGAP1 and RanBP1 levels, did not show any significant differences in both control and temperature-shifted cell lysates (Fig. S2A ) or in immunofluorescence data (Fig. S2E, F) . Therefore, we concluded that the change observed is likely attributed to the loss of RCC1.
To further support that the observed phenotype is a result of depletion of RanGTP during metaphase, we complemented tsBN2 cells with functional wild-type (WT) RCC1 proteins to avert the aberrant chromosomal alignment even when the cells are incubated at non-permissive temperature. We show that 1.56 protein level of the ectopic WT RCC1 relative to the endogenous temperature sensitive RCC1 (data not shown) is necessary and sufficient to rescue the misalignment phenotype at non-permissive temperature ( Fig. 2D-E) . Thus far, our observations show that the depletion of RanGTP causes an unexpected displacement of chromosomes away from the metaphase plate without compromising the spindle structure at metaphase, suggesting that RanGTP is necessary for the maintenance of proper chromosome alignment during metaphase.
Local Chromosomal RanGTP Enrichment Regulates the Stability of Kinetochore-microtubule Attachments and Prevents Reactivation of the Spindle Assembly Checkpoint
Aberrant chromosomes displacement from the metaphase plate, as shown in Figure 1 and 2, could be due to improper kinetochoremicrotubule attachments or loss of attachment to spindle microtubules [17, 18] . To address these likelihoods, we stained metaphase cells incubated at permissive or non-permissive temperature with anti-centromeric antigens (ACA) and tubulin antibodies. Control cells displayed localization of ACA on chromosomes aligned at the metaphase plate and attached to spindle microtubules (Fig. 3A) . For cells incubated at nonpermissive temperature, ACA are also detected on the misaligned chromosomes indicating that these chromosomes still have intact centromeres. Magnified images showed proper ACA-microtubule attachments in control cells (Fig. 3A , upper row, second panel) whereas such attachments were compromised in the temperatureshifted cells (Fig. 3A, lower row, second panel) .
Stable kinetochore-microtubule attachments confer resistance to microtubule depolymerization during cold exposure whereas unattached microtubules are depolymerized during low temperature treatment [4, 19] . To corroborate our previous data (Fig. 3A) , we subjected the cells to cold-treatment for further immunocytochemistry analysis. Quantified relative signal intensities of microtubules revealed that the proportion of cold-stable microtubules was significantly reduced in cells incubated at nonpermissive temperature as compared to the control cells (Fig. 3B-C) . In agreement, this loss of cold-stable microtubules was averted in metaphase cells expressing wild-type RCC1 (Fig. 3B) . These results indicated that the misaligned chromosomes have lost proper end-on kinetochore-microtubule attachments after mitotic RanGTP is depleted during metaphase.
On a separate note, we investigated the localization of several motor or kinetochore proteins, which may be involved in the maintenance or movement of chromosomes during mitosis. Immunostaining results showed that localization of TPX2, Hec1, RanGAP1 and dynactin-p150 were unchanged in metaphase cells incubated in permissive or non-permissive temperature, thus indicating that these proteins are not involved in the manifestation of this phenotype (Fig. S3) .
As the SAC remains active until all kinetochore occupancy and kinetochore-spindle tension requirements are satisfied, we rea- soned that any unattached kinetochores would then exhibit persisted checkpoint complex localization [20, 21] . Consistent with this, control metaphase cells immunostained with anti-BubR1 showed little or no BubR1 at the kinetochores. In contrast, temperature-shifted cells showed distinctive presence of BubR1 both on the kinetochores of chromosomes displaced from the metaphase plate and to a lesser extent on those that remained at the equator (Fig. 3D ). Co-immunostaining with ACA confirmed that the re-assembly of spindle checkpoint apparatus occurs within the vicinity of chromosomal centromeric regions (Fig. 3E) . We conclude that the mitotic RanGTP is important in maintaining stable kinetochore-microtubule attachments, and hence restricting any untimely reactivation of SAC.
RanGTP-dependent Crm1-directed, Mst1-Aurora B Kinase Interactions Maintains Stable Metaphase Kinetochoremicrotubule Attachments
In dissecting the molecular pathway in which RanGTP regulates stable kinetochore-microtubule attachments, we examined it from the perspective of its role in transport regulations. As such, we looked into RanGTP-Crm1-NES-bearing cargo ternary complex formation. Under normal physiological conditions, Crm1 localizes on the kinetochores of metaphase cells ( Fig. S4A-B) . However, when tsBN2 cells were incubated at non-permissive temperature, Crm1 was significantly reduced at the kinetochores. From various NES-bearing protein candidates tested, we found that Mst1 mimics Crm1's localization in the absence and presence of mitotic RanGTP. Mst1 co-localizes with Crm1 on the spindle and at the kinetochores. As the temperature increased to nonpermissive temperature, the absence of Crm1 at the kinetochores led to the loss of Mst1 at the site (Fig. 4B ). To determine whether there is any difference in the physical interaction between Crm1 and Mst1 after temperature increase, we performed co-immunoprecipitation assay using anti-Mst1 antibody. Western blot analysis indicated that whilst Crm1 and Mst1 protein levels remained similar in the input lanes, there was considerably less Crm1 protein co-immunoprecipitated in the temperature-shifted samples ( Fig. 4D-E) . These results indicate that the depletion of RanGTP led to the delocalization of Crm1 and the subsequent failure to recruit Mst1 to the kinetochores.
To further validate the contribution of Mst1 in relation to RanGTP levels, we performed rescue experiments by over- expressing Mst1 WT or Mst1 kinase dead K59R mutant in tsBN2 cells and subsequently incubating the mitotic cells at nonpermissive temperature. Time-lapse images showed that cells with Mst1 WT-mCherry overexpression reinstated properly aligned metaphase chromosomes even at non-permissive temperature (Fig. 4F, top panel) . However, kinase-dead mutant, Mst1 K59R-mCherry transfection exhibited chromosome misalignment when RanGTP was abrogated (Fig. 4F, middle panel) . Therefore, our data revealed that RanGTP-dependent recruitment of active Mst1 is necessary for the maintenance of stable kinetochore-microtubule attachments.
Active Mst1 Interacts with and CURBS AURORA B Kinase Activity to Preserve Stable Kinetochore-microtubule Attachments
Next, we proceeded to identify a downstream target of Mst1, which may be implicated in the presentation of the observed aberrant chromosome alignment phenotype. We found that endogenous Aurora B kinase was co-immunoprecipitated with Mst1 at permissive temperature, but there was significantly less Aurora B kinase co-immunoprecipitated from samples incubated at non-permissive temperature (Fig. 5A-B) . This result indicates that Aurora B kinase may be a downstream substrate of Mst1 whose activity is affected by the loss of RanGTP. To further examine the involvement of Mst1 and Aurora B kinase along our proposed RanGTP-Crm1-NES-bearing cargo axis, additional coimmunoprecipitation assays were conducted using Mst1 mutants. Although pulldown with the Mst1 K59R mutant showed some reduction in Aurora B kinase binding, a more significant observation was that the Mst1 K59R DC (amino acid 1-330, lacking NES, and kinase activity) mutant associates only weakly with Aurora B kinase as compared to both the Mst1 WT and Mst1 K59R (Fig. 5C-F) . Furthermore, immunofluorescence analysis on metaphase chromosome spreads showed that intact NES is necessary for the shuttling of Mst1 within the vicinity of the chromosome including the kinetochore thus facilitating its interaction with Aurora B kinase. Western blot analysis shows distinct overexpression of the Mst1-mCherry fusion proteins (Fig.  S5B) . Whilst Mst1 WT-mCherry fusion protein can be detected, Mst1-K59R DC-mCherry was clearly absent from the metaphasic chromosomal precinct (Fig. 5G-H) . These results indicate that the presence of the NES on Mst1 is crucial and necessary for recruitment to the kinetochores via the RanGTP-Crm1 axis.
Interestingly, upon examination of the levels of active Aurora B kinase, we found that wild-type Mst1 might negatively regulate the autophosphorylation of Aurora B kinase. The levels of active Aurora B kinase were suppressed in the presence of overexpressed FLAG-Mst1 WT but remained high for samples with control FLAG plasmid or Mst1 K59R DC mutant plasmid transfection (Fig. 5I-J) . This suggests that wild-type Mst1 negatively regulates the phosphorylation state of Aurora B kinase. The robust interaction between Mst1 and Aurora B kinase allows Mst1 to exert its inhibitory effect on Aurora B kinase. In other words, the NES-RanGTP dependant spatial regulation and functionally intact Mst1 are necessary for the binding of Mst1 with Aurora B kinase in order to regulate the phosphorylation states of Aurora B kinase. More importantly, our data suggest a link between Mst1, Aurora B kinase activity, and chromosomal misalignment upon RanGTP depletion.
Hyperactivated Aurora B Kinase Activity in RanGTPdepleted Cells Leads to Failure to Maintain Stable Kinetochore-microtubule Attachments
The activity and influence of Aurora B kinase on the dynamics of kinetochore-microtubule attachments have been shown to be dependent on the phosphorylation state of the kinase at Threonine 232 [22, 23] . Therefore, we examined the level of active Aurora B kinase (pThr232) at permissive and non-permissive temperature. Immunofluorescence staining for active phospho-Aurora B kinase showed both qualitative and quantitative enhanced fluorescence intensity for the temperature-shifted cells (Fig. 6A-B and Fig.  S6A ). Immunoblotting analysis of active Aurora B kinase from mitotic cells incubated at permissive or non-permissive temperature showed that although total amount of Aurora B kinase remains similar, there was a significantly higher level of active Aurora B kinase in RanGTP-depleted mitotic cells (Fig. 6C-D) . To ascertain that Aurora B kinase activity is elevated in cells incubated at non-permissive temperature, an in vitro kinase assay on recombinant histone H3 was conducted with co-immunoprecipitated Aurora B kinase from mitotic cells incubated at permissive or non-permissive temperature. The kinase activity of Aurora B kinase was enhanced in the temperature-shifted sample, evident from an increase in histone H3 (pSer10) phosphorylation (Fig. 6E-F) .
To further validate the influence of Aurora B kinase activity on the maintenance of metaphase chromosome alignment, we used a known Aurora B kinase inhibitor (ZM447439), which was added with MG132 for 2 hours before incubation at either permissive or non-permissive temperature. Time-lapse and immunofluorescence data ( Fig. 6G and Fig. S6C ) revealed that the misalignment phenotype was considerably suppressed when cells were treated with ZM447439. Quantification of the percentage of time-lapse imaged cells confirmed that there was significantly reduced percentage of metaphase cells with misaligned chromosomes when treated with ZM447439 (Fig. S6B) . Interestingly, we noticed the occurrence of a population of metaphase cells with a milder degree of chromosome misalignment. For quantification analysis, we score for major misalignment as large apparent chromosome clusters grossly displaced from the metaphase plate whereas minor misalignment describes metaphase cells with less than 3 minuscule 'lagging' chromosome clusters. Normal chromosomal alignment was denoted by tightly packed aggregation of chromosomes at the equator of the cell. Quantification of more than 100 cells for each experimental set indicated that there was a significant reduction in the proportion of cells with major chromosome misalignment when temperature-shifted cells were treated with ZM447439 (Fig.  S6D) . Additionally, we show that the stability of spindle microtubules is preserved when ZM447439 is used to restrict the activity of Aurora B kinase at non-permissive temperature (Fig.  S6E-F) . Since active Aurora B kinase renders the kinetochoremicrotubule attachment more labile, the stability of proper end-on attachments is greatly affected and thus leads to major chromosomal misalignment in the absence of RanGTP.
Discussion
With the use of the Rango biosensor and FRET based on the correction-Youvan method, we have developed an approach that allows real-time visualization of the changes in RanGTP levels in parallel to the phenotypic alterations in tsBN2 cells. With minimal photobleaching effect, our new method enables continuous monitoring of chromosome orientation (or theoretically any experimental subjects of interest) relative to the fluctuations in RanGTP distribution at single cell level. Therefore, this method is not limited to observing processes that occur within a short duration. It is possible to follow a cell's progression from interphase through the distinct phases of mitosis and to monitor cellular processes, which may be perturbed by changes in RanGTP levels as a cell progresses through the cell cycle.
Previous studies on Xenopus egg extracts and C. elegans embryos have shown that perturbation in RanGTP levels can result in aberrant chromosome alignment. However, these studies were conducted under conditions where Ran mutants were used to disrupt the RanGTP distribution as a cell enters mitosis or at prometaphase, prior to reaching metaphase and the observations are often accompanied by defective mitotic spindles [10, 24, 25] . To our knowledge, no study had reported a direct correlation between RanGTP and the maintenance of kinetochore-microtubule attachments at metaphase. In our experimental setup, cells were arrested at metaphase and metaphase chromosomes that have already achieved proper kinetochore-microtubule attachments should adopt a stable alignment of chromosomes at the metaphase plate. Intriguingly, our results indicate that upon RanGTP depletion, there was a progressive displacement of pre-aligned metaphase chromosomes from the equator, and thus suggesting an unprecedented regulatory role for RanGTP in modulating kinetochore-microtubule attachments at metaphase. With sufficient supporting evidence from the parallel experiments using control tsBN2 cells incubated at permissive temperature and the parental BHK21 cell line, we are able to demonstrate that the aberrant chromosome alignment phenotype is attributed to the loss of RCC1 and RanGTP depletion only.
Whilst we do note the concern regarding the use of a drug (MG132) to arrest cells at metaphase, this is necessary to trap the cells at metaphase to ensure that the depletion of RCC1 occurs during metaphase itself. The specific metaphase arrest would thus allow us to isolate the observed chromosome misalignment event and exclude any influence of other RanGTP-dependent mitotic processes prior to and after metaphase. This is especially important as the degradation of RCC1 and the subsequent depletion of RanGTP takes 2-3 hours (Fig. 2B) . Additionally, the use of MG132 does not affect microtubule dynamics or RCC1 depletion at non-permissive temperature. Therefore MG132 is considered a suitable tool to arrest tsBN2 cells in this study. Although a similar chromosome misalignment/scattering pheno- type was reported in a recent discovered phenomenon called 'cohesion fatigue' following prolonged SAC arrest [26, 27] , we can rule out the likelihood of the occurrence of this phenomenon in our observed phenotype as we were able to observe intact sister chromatids with closely paired kinetochores from our 3D projection images as well as from chromosome spread images (Fig.  S2B-D) . Additionally, we were able to rescue the chromosome misalignment phenotype with wild-type RCC1 overexpression. This further affirms an involvement of mitotic RanGTP in maintaining proper chromosome alignment.
Although previous studies on RanGTP have established its role in spindle formation [10, 28, 29] , the involvement of RanGTP in the maintenance of kinetochore-microtubule attachments at metaphase has yet to be established. Our results describe a new role for RanGTP that bridges the molecular chronological gap between chromosome congression and chromosome segregation. We propose that the depletion of RanGTP during metaphase leads to the failure of Crm1 to recruit Mst1 to the kinetochores. Subsequently, the unrestricted hyperphosphorylation of Aurora B kinase promotes the destabilization of kinetochore-microtubule attachments and stimulation of promiscuous reorientation of kinetochore-microtubule attachments (Fig. 7) . In agreement, Crm1 was significantly reduced at the kinetochores when mitotic RanGTP is depleted. Aberrantly aligned chromosomes were also detected when Leptomycin B was used to inhibit Crm1 function ( Fig. S4D-F) [30] .
Although Mst1 is an established cargo of Crm1 during interphase, its localization in mitosis is yet to be reported. Our finding here on the novel localization of Mst1 at the kinetochores along the RanGTP-Crm1-Mst1 axis is in accordance with the RanGTP-Crm1 dependent recruitment of NES proteins for kinetochore microtubule nucleation and subsequent chromosome segregation at anaphase [30, 31] . Additionally, co-immunoprecipitation and immunofluorescence results show that the localization and interaction of Mst1 with Aurora B kinase are dependent on the presence of a functional NES on Mst1. This is consistent with earlier reports highlighting the importance of the NES-bearing regulatory region on Mst1 for its localization and for regulation of its substrates such as FOXO1 and H2B [32] .
To date, Aurora B kinase's role at the kinetochore is established as a protagonist to rectify erroneous kinetochore-microtubule attachments rather than as the instigator of aberrant attachment and chromosome orientation [23, 33] . However, it is important to note that whilst the pre-established tension sensor and error correction role is indispensible during the search and capture process for kinetochore-microtubule attachment to form and stabilize, it is likely that after the formation of proper metaphase chromosome alignment, this role of Aurora B kinase becomes less prominent as it shifts towards regulating SAC signaling and anaphase onset [34, 35] . In the context of this study, proper chromosome alignment has already formed prior to RanGTP depletion and subsequent appearance of chromosomes displaced from the equator. Therefore it is likely that at this transitional stage between chromosome congression and segregation, the unrestricted hyperphosphorylation of Aurora B kinase due to the loss of RanGTP at metaphase inadvertently causes Aurora B kinase to promote promiscuous kinetochore-microtubule reorientation, resulting in the observed chromosome misalignment phenotype. Since the chromosome misalignment phenotype at non-permissive temperature can be rescued with the use of ZM447439 (Aurora B kinase inhibitor), and with Mst1 overexpression, it is likely that Aurora B kinase's role at the kinetochore is negatively altered in the absence of RanGTP. Not surprisingly, upregulation of Aurora B kinase activity has been associated with genomic instability and oncogenic transformations in human cells. Considering Aurora B kinase's role in establishing proper kinetochore-microtubule attachments and ensuring equal partitioning of genetic materials into daughter cells, precise regulation of Aurora B kinase activity is crucial to prevent the formation of aneuploid or euploid cells, which culminates towards cancer [36, 37] . Hence, our study here revealed RanGTP as the unifying positioning system that links the spatial regulation of Mst1-Aurora B kinase interaction to keep Aurora B kinase's activity in check, thereby maintaining genomic integrity during cell division.
In conclusion, we have shown that the presence of the mitotic RanGTP is indeed critical for the maintenance of kinetochoremicrotubule attachments. By promoting stable chromosome alignment and thus ensuring equal chromosome segregation, this regulatory role of RanGTP governs the precise process of chromosome partitioning.
Materials and Methods
Cell Culture and Drug Treatments tsBN2 cells [38] and BHK21 cells were grown in DMEM (Gibco, Invitrogen, USA) containing 10% fetal bovine serum (Hyclone) and 1% Penicillin/Streptomycin (Gibco) in a humidified atmosphere with 5% carbon dioxide, at 33.5uC (permissive temperature). The non-permissive temperature used was 39.5uC. HEK cells were cultured in similar conditions but at 37uC. For MG132 treatment, 20 mM MG132 (Sigma, USA) in dimethyl sulfoxide (DMSO) stock was diluted in medium to a working concentration of 10 mM. Cells were treated with 10 mM of MG132 prior to incubation at 33.5uC or 39.5uC in experiments. Aurora B kinase inhibitor, ZM447439 (Tocris Biosciences, USA), was dissolved in DMSO to a stock concentration of 100 mM, and diluted in DMEM to a working concentration of 500 nM. Leptomycin B (Sigma) was dissolved in DMSO to a stock concentration of 5 mg/ml, and diluted in DMEM to a working concentration of 5 ng/ml. Transfection of Rango, histone H2B (H2B)-mCherry, H2B-GFP, tubulin-mCherry, wild-type (WT) RCC1-GFP, Aurora B kinase-GFP, Mst1 WT-mCherry, Mst1 K59R-mCherry, FLAG, FLAG-Mst1 WT, FLAG Mst1 K59R and/or FLAG-Mst1 K59R DC were performed using Lipofectamine 2000 (Invitrogen) according to manufacturer's instructions. For cold-induced depolymerization assay, cells on coverslips were incubated in ice-cold DMEM at 4uC for 1 hour, then proceeded with immunofluorescence as described below.
Immunofluorescence Microscopy
Cells seeded onto 22 mm coverslips were fixed with 100% icecold methanol at -20uC for 10 min. After washing thrice with TBST, cells were incubated with primary antibody diluted in TBST (50 mM Tris, pH 7.6, 150 mM NaCl, 0.1% Tween-20) plus 4% bovine serum albumin (BSA; Sigma, USA), at room temperature (RT) for 1.5 hour. Following washes with TBST, the cells were incubated with appropriate secondary antibodies and incubated at RT for 1 hour in the dark. Cells were mounted onto glass slides using ProLong Gold Antifade reagent containing DAPI (Invitrogen).
For immunofluorescence analysis of Crm1, cells were permeabilized with 40 mg/ml digitonin in transport buffer (20 mM HEPES, 110 mM potassium acetate, 5 mM sodium acetate, 2 mM magnesium acetate, 1 mM EGTA, 2 mM DTT) at 4uC for 6 min and fixed with 4% paraformaldehyde in phosphate buffered saline (PBS) for 15 min. After washing thrice with PBS, the cells were stained with antibodies and mounted on glass slides as described above.
For Mst1-mCherry chromosome staining, cells were incubated in hypotonic buffer (0.075 M KCl) at 37uC for 30 mins before centrifuging onto coverslips at 900 rpm for 4 mins in a cytocentrifuge (Cytospin 2, Thermo/Shandon). The cells were first permeabilized with 0.2% Triton X-100 in PBS at RT for 3 min and then fixed with 2% paraformaldehyde in PBS for 10 min. After two washes with PBS, cells were incubated with specific primary antibodies followed by fluorescent-labeled secondary antibodies and mounted onto glass slides.
Images were acquired and analyzed using an Axiovert 200 M inverted microscope (Carl Zeiss, Germany) and Axiovision 4.6 software.
Chromosome Spread
Mitotic cells were collected by mechanical shake-off and incubated in hypotonic buffer at 37uC for 20 min. Following hypotonic swelling of the cells, the cells were pelleted by centrifugation at 2000 rpm for 5 min. After that, the cells were washed once and then fixed overnight with ice cold fixative solution (methanol : acetic acid at 3:1) at 4uC. On the following day, the swollen fixed cells were dropped onto slides, dried and stained with ProLong gold Antifade reagent containing DAPI (Invitrogen). Chromosome spread images were acquired and analyzed using an Axiovert 200 M inverted microscope (Carl Zeiss, Germany) and Axiovision 4.6 software.
Time-lapse Imaging
The effect of temperature increase to non-permissive temperature (39.5uC) on tsBN2 cells or transfected tsBN2 cells expressing Rango, H2B-mCherry, H2B-GFP, tubulin-mCherry, Mst1 WTmCherry and/or Mst1 K59R-mCherry was followed by timelapse microscopy. Cells were seeded onto 35 mm glass-bottom dishes or Ibidi 8-well chamber slides and placed on a heatcontrolled stage of a Zeiss Axiovert 200 M microscope. The temperature was maintained at 33.5uC or increased to 39.5uC and CO 2 levels were maintained at 5% using a CTI 3700 controller (Carl Zeiss). Phase contrast and fluorescent images were recorded (AxioCam camera and Axiovision 4.6 software) using a 406 objective at every 10 min interval. For time-lapse imaging of BHK21 cells, cells were transfected with tubulin-mCherry Figure 7 . Model illustrating the role of mitotic RanGTP in sustaining stable chromosomal alignment during metaphase. In the presence of high mitotic RanGTP, Crm1 is localized to the kinetochores. Mst1 is then recruited as part of the RanGTP-Crm1-Mst1 ternary complex. The presence of Mst1 limits the autophosphorylation of Aurora B kinase and thus stabilizes kinetochore-microtubule attachments, which, results in stable chromosome alignment at the metaphase plate (A). When RanGTP is depleted, Crm1 is unable to bind and target Mst1 to the kinetochore. Subsequently, Aurora B kinase becomes hyperactivated to promote kinetochore-microtubule reorientation. The loss of proper amphitelic attachment ensues leading to the displacement of metaphase chromosomes from the equator (B). doi:10.1371/journal.pone.0045836.g007
followed by time-lapse imaging using 20 6 objective at every 10 min interval. For time lapse imaging of tsBN2 cells treated with Leptomycin B, cells were stained with Hoechst dye (Molecular Probes, USA) and imaged at 20 6 objective at every 5 min interval.
FRET and Image Analysis
With the use of the Rango biosensor, RanGTP levels were deduced via the fluorescence resonance energy transfer (FRET) method. Cells were maintained at 33.5uC or 39.5uC and 5% CO 2 in a heat-controlled chamber on the microscope during FRET experiments. Physiological FRET images were recorded (AxioCam camera and Axiovision FRET 4.6 software) using a 40 6 objective and FRET analysis was performed using the Axiovision FRET Correction-Youvan Method. The Correction-Youvan method measures the FRET value for an image and performs a 'correction' on the FRET value by deducting any crosstalk from the Donor and Acceptor.
(gv = intensity as gray value, bg = background intensity, Cf = correction factor, FRET = FRET image, don = donor image, acc = acceptor image) [39] .
Spindle Microtubule Intensity (A.U.) and Relative Fluorescence Intensity Measurement
Images were acquired with the same exposure time using an Axiovert 200 M inverted microscope (Carl Zeiss) and analyzed with the Axiovision 4.6 software. (Centrosome-specific stainings were excluded from measurements).
Western Blotting
Mitotic cells were harvested by mechanical shakeoff, washed with PBS and lysed by 2 6 sample buffer (62.5 mM Tris-HCl, pH 6.8, 2% SDS, 25% glycerol, 5% 2-mercaptoethanol, 0.01% bromophenol blue) containing 10% Complete EDTA-free Protease Inhibitor Cocktail (Roche, Switzerland) and 0.1% phosphatase cocktail inhibitor 1 and 2 (Sigma, USA). The mitotic lysate was boiled for 10 min. Equal amounts of protein were resolved on SDS-polyacrylamide gel and transferred onto nitrocellulose membranes (Biorad laboratories, USA). Membranes were probed with specific primary antibodies diluted in 10% skim milk in TBST at 4uC overnight. Membranes were washed thrice with TBST before incubating with horseradish peroxidase-conjugated anti-mouse IgG or anti-rabbit IgG or anti-goat IgG secondary antibodies (Invitrogen, USA). After washing with TBST, immunoreactive proteins were detected by enhanced chemiluminescence reagent (Amersham Biosciences, USA).
Co-immunoprecipitation
Protein G-sepharose beads (Zymed), specified antibody and cell lysates were incubated at RT for 1 hour. The immunoprecipitates were washed with PBS thrice, and then 2 6 sample buffer was added, boiled at 100uC to denature the proteins, separating them from the beads. Immunoprecipitated protein was analyzed by SDS-PAGE and western blotting.
Immunoprecipitation for Kinase Assay 24 hours after transfection with Aurora B kinase-GFP, tsBN2 cells were treated with MG132 for 2 hours prior to incubation at permissive or non-permissive temperature for 4 hours. Then the cells were washed with PBS and lysed in buffer C (20 mM HEPES, pH 7.5, 10 mM KCl, 1.5 mM MgCl 2 and 0.5% Nonidet P-40 subsitute) containing 10% Complete EDTAfree Protease Inhibitor Cocktail (Roche, Switzerland) and 0.1% phosphatase cocktail inhibitor 1 and 2 (Sigma). Lysates were incubated with protein G-sepharose beads (Zymed) and antiAurora B kinase mouse monoclonal antibody (BD Pharmigen) at RT for 1.5 hours. The immunoprecipitates were washed thrice with buffer C and once with buffer D (10 mM HEPES, pH 7.5, 10 mM KCl, 1 mM DTT and 10 mM MgCl 2 ). Samples were resuspended in 20 ml of kinase mixture (20 mM HEPES, pH 7.5, 10 mM KCl, 1 mM DTT, 10 mM MgCl 2 and 100 mM ATP). 6 mg of histone H3 (New England Biolabs) is added to each reaction mixture and reactions were incubated at 30uC for 30 min. The reactions were stopped by incubation on ice and the samples were eluted with 26 sample buffer and analyzed by SDS-PAGE and western blotting. 
